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Many cystic fibrosis transmembrane conductance regulator (CFTR)-expressing epithelia
secrete bicarbonate (HCO2
3 )-containing fluids. Recent evidence suggests that defects in
epithelial bicarbonate secretion are directly involved in the pathogenesis of cystic fibrosis,
in particular by building up hyperviscous mucus in the ductal structures of the lung and
pancreas. Pancreatic juice is one of the representative fluids that contain a very high concentration of bicarbonate among bodily fluids that are secreted from CFTR-expressing epithelia. We introduce up-to-date knowledge on the basic principles of transepithelial bicarbonate transport by showing the mechanisms involved in pancreatic bicarbonate secretion.
The model of pancreatic bicarbonate secretion described herein may also apply to other
exocrine epithelia. As a central regulator of bicarbonate transport at the apical membrane,
CFTR plays an essential role in both direct and indirect bicarbonate secretion. The major role
of CFTR in bicarbonate secretion would be variable depending on the tissue and cell type.
For example, in epithelial cells that produce a low concentration of bicarbonate-containing
fluid (up to 80 mM), either CFTR-dependent Cl2/HCO2
3 exchange or CFTR anion channel
with low bicarbonate permeability would be sufficient to generate such fluid. However, in
cells that secrete high-bicarbonate-containing fluids, a highly selective CFTR bicarbonate
channel activity is required. Therefore, understanding the molecular mechanism of transepithelial bicarbonate transport and the role of CFTR in each specific epithelium will provide
therapeutic strategies to recover from epithelial defects induced by hyposecretion of bicarbonate in cystic fibrosis.

pithelial cells in respiratory, gastrointestinal,
and genitourinary systems secrete bicarbonate (HCO2
3 )-containing fluids, which include
saliva, pancreatic juice, intestinal fluids, airway
surface fluid, and fluids secreted by reproductive organs. Bicarbonate is an essential ingredi-

E

ent in these fluids and plays critical roles. For
example, bicarbonate is the biological pH buffer
that guards against toxic intracellular and extracellular fluctuations in pH (Roos and Boron
1981). Bicarbonate in pancreatic juice and duodenal fluids neutralizes gastric acid and pro-
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vides an optimal pH environment for digestive
enzymes to function properly in the duodenum
(Lee and Muallem 2008). In addition, as a moderate chaotropic ion, bicarbonate facilitates the
solubilization of macromolecules such as mucins (Hatefi and Hanstein 1969). Recent studies
suggest that the abnormal bicarbonate secretion
observed in cystic fibrosis (CF) leads to altered
mucin hydration and solubilization (Quinton
2010), resulting in hyperviscous mucus that
blocks ductal structures of the lung and pancreas (Quinton 2001, 2008).
Pancreatic juice is one of the representative
fluids that contain a very high concentration
of bicarbonate among bodily fluids secreted
from exocrine epithelia. At pH 7.4 and 5%
CO2, the bicarbonate equilibrium concentration is 25 mM according to the Henderson–
Hasselbalch equation. In humans and several
other species, such as dogs, cats, pigs, and guinea pigs, the pancreas is capable of generating 140 mM HCO2
3 -containing pancreatic
fluid upon stimulation, which is at least a fivefold higher concentration than the plasma.
(Domschke et al. 1977; Lee and Muallem 2008).
Therefore, pancreatic bicarbonate secretion
has attracted attention as a typical model to
gain insight into the bicarbonate transport
mechanism in diverse epithelial cells. How exocrine glands secrete copious amounts of fluid
and bicarbonate has long been a puzzle. The
discovery of acidic pancreatic juice from patients with CF was an important advance in
understanding the physiological mechanisms
of pancreatic bicarbonate secretion (Johansen
et al. 1968). In addition, significant progress
has been made during the last 25 years with
the identification of the molecular nature of
many epithelial ion transporters and channels
including the cystic fibrosis transmembrane
conductance regulator (CFTR), which is mutated in patients with CF (Kerem et al. 1989).
We introduce the basic principles of transepithelial bicarbonate transport, in particular
in pancreatic duct cells, and the role of CFTR
in this process. Additional information on
pancreatic bicarbonate secretion can be found
in Lee and Muallem (2008) and Lee et al.
(2012).
2

TRANSPORTERS INVOLVED IN
TRANSEPITHELIAL BICARBONATE
TRANSPORT
Overview

Transepithelial bicarbonate secretion is mediated by a coordinated function of transporters in
epithelial cells, whereby transporters in the basolateral membrane absorb bicarbonate from
the blood and those in the apical membrane
secrete bicarbonate to the luminal space of hollow viscus or exocrine ducts. Recent progress
in molecular and physiological techniques revealed the molecular identity and function of
epithelial ion transporters at the basolateral
and apical membranes (Lee et al. 2012). Major
discoveries include the identification of anion
channels and transporters in the apical membrane, such as CFTR and Cl2/HCO2
3 exchangers belonging to the SLC26 family (Ko et al.
2004; Dorwart et al. 2008), in combination
with the basolateral bicarbonate uptake mechanisms, such as the Naþ-HCO2
3 cotransporter
(NBC) (Zhao et al. 1994; Lee et al. 2000). This
article describes major ion transporters expressed at the basolateral and apical membranes
in bicarbonate-secreting epithelial cells and
their roles in transepithelial bicarbonate secretion. The basic characteristics of basolateral and
apical transporters are illustrated in Figure 1.

Transporters in the Basolateral Membrane
Na1/K1 ATPase Pump

The Naþ/Kþ ATPase pump is expressed in the
basolateral membrane of the epithelial cells that
actively secrete fluid and electrolytes such as
pancreatic duct cells. The Naþ/Kþ ATPase exþ
changes three Naþ
i for two Ko with energy generated by ATP hydrolysis (Morth et al. 2011). The
Naþ/Kþ ATPase pump in conjunction with the
basolateral Kþ channels converts the chemical
energy of ATP into osmotic energy in the form
of the Naþ and Kþ gradients and into electrical
energy of a negative membrane potential. These
osmotic and electrical energies fuel the fluid
and electrolyte transport in epithelial monolayers. The Naþ gradient is used for cytosolic
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Figure 1. Ion transporters involved in transepithelial bicarbonate transport. Major transporters in the basolateral
and luminal membranes of bicarbonate-secreting epithelial cells are illustrated. Bicarbonate uptake through the
basolateral membrane is achieved by the NBCe1-B and the combinatorial function of NHE1 and CAs. Apical
2
2
HCO2
3 secretion is mostly mediated by the CFTR anion channel and the Cl /HCO3 exchanger Slc26a6 in
pancreatic duct cells. Some epithelial cells also express (1) bicarbonate-reabsorbing mechanisms such as NHE3
and NBCn1-A; (2) ENaC, which mediates electrogenic Naþ absorption; and (3) Kþ channels that secrete Kþ to
þ
the luminal fluids in the apical membrane. Overall fluid secretion is driven by HCO2
3 secretion, and Na and
water follow via a paracellular route. Water can also travel through a transcellular route via aquaporins.

bicarbonate accumulation by Naþ-HCO2
3 cotransporters (NBCs) and Naþ/Hþ exchangers
(NHEs) in the basolateral membrane, and the
negative membrane potential facilitates bicarbonate efflux via the electrogenic anion channels
and transporters in the apical membrane.
Na1/H1 Exchanger (NHE), V-Type H1
Pump, and H1/K1 ATPase Pump

Transepithelial bicarbonate secretion requires
bicarbonate entry through the basolateral
membrane to maintain adequate bicarbonate
concentration in the cytoplasm. This can be
achieved by the function of Hþ extrusion mechanisms in the basolateral membrane in conjunction with cytosolic carbonic anhydrases (CAs)

that eventually produce bicarbonate from membrane-diffused CO2 and water molecules (Fig.
1). The NHEs are electroneutral 1 Naþ/1 Hþ
þ
exchangers and exchange Naþ
o for Hi in physiological ion gradients. The mammalian NHE
gene family (SLC9A) is composed of three gene
clusters: (1) five plasma membrane-type Naþselective NHEs (NHE1– NHE5); (2) four organellar cation nonselective NHEs (NHE6 – NHE9);
and (3) two distantly related NHE-like genes,
termed Naþ/Hþ antiporter 1 (NHA1) and
NHA2 (Lee et al. 2012). The ubiquitous housekeeping NHE1 is essential for pHi homeostasis,
and it is localized at the basolateral membrane
in epithelial cells. Bicarbonate secretion through
apical transporters will decrease the bicarbonate
concentrations and induce intracellular acidi-
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fication. In acidic pHi, NHE1 is activated, and
it extrudes Hiþ in exchange for Naþ
o . This, in
turn, facilitates the production and accumulation of bicarbonate inside epithelial cells.
Similarly, Hþ extrusion through a vesicular
V-type Hþ-ATPase pump or Hþ/Kþ ATPase
pumps at the basolateral membrane can accumulate bicarbonate in epithelial cells. It has
been shown that the V-type Hþ-ATPase pump
is expressed in the basolateral membrane of pig
pancreatic duct cells (Villanger et al. 1995) and
that the gastric and nongastric types of Hþ/Kþ
ATPase pumps are expressed in the basolateral
membrane of rat pancreatic duct cells (Novak
et al. 2011).
However, the ability of these basolateral Hþ
extrusion mechanisms to accumulate bicarbonate seems to be limited and does not fully meet
the required bicarbonate uptake through the
basolateral membrane in cells that secrete high
bicarbonate-containing fluids, such as human
and guinea pig pancreatic duct cells. For example, NHE1 is activated below a pHi of 7.0, indicating that it can retain intracellular bicarbonate
concentrations only 10 mM at 5% CO2. In this
case, the maximum bicarbonate concentration
in pancreatic juice would be only 100 mM even
when the hypothetical bicarbonate channel
in the apical membrane is maximally activated (membrane potential at 260 mV). Several
mathematical models and experimental data
suggest that pancreatic duct cells maintain a
20 mM intracellular bicarbonate concentration
( pHi 7.3) that is suitable to generate .140 mM
bicarbonate-containing fluid (Ishiguro et al.
1996a; Sohma et al. 2000; Whitcomb and
Ermentrout 2004). In addition, inhibitors of
NHE1 and the V-type Hþ-ATPase pump produced no or variable effects in reducing pancreatic bicarbonate secretion (Lee and Muallem
2008). Therefore, a more direct bicarbonate uptake mechanism is required in the basolateral
membrane of pancreatic duct cells.
Na1-HCO2
3 Cotransporter (NBC)

Evidence suggests that NBC activity at the basolateral membrane is the major route for the basolateral bicarbonate uptake in the pancreatic
4

duct cells (Ishiguro et al. 1996a). The basolateral
NBC isoform was cloned from the pancreas
and named pNBC1 (Abuladze et al. 1998).
Subsequently, pNBC1 was renamed NBCe1-B,
which is an electrogenic transporter with 1
Naþ:2 HCO2
3 stoichiometry in pancreatic duct
cells. The stoichiometry of electrogenic NBC1
(NBCe1) is an important parameter that determines the direction of bicarbonate movement.
The stoichiometry of NBCe1 appears to be dependent on the cell type and PKA-dependent
phosphorylation status (Gross et al. 2003).
For example, the kidney type NBC1 (kNBC1,
NBCe1-A), another variant transcribed from
the same gene, seems to have 1 Naþ:3 HCO2
3
stoichiometry in the basolateral membrane of
proximal tubule, where it mediates transepithelial NaHCO3 absorption (hence, outward movement of bicarbonate at the basolateral membrane). In this case, the electrorepulsive force
of 3 HCO2
3 overcomes the inward movement
of 1 Naþ molecule. The pancreatic electrogenic
NBCe1-B uses the Naþ gradient more efficiently
to accumulate cytosolic bicarbonate than the
electroneutral NHE1, because NBCe1-B transports two bicarbonate molecules into the cells
using the electrochemical energy of one Naþ
molecule. In fact, it has been shown in guinea
pig pancreatic duct cells, that NBCe1-B mediates
the bulk of basolateral bicarbonate entry during
stimulated secretion (Ishiguro et al. 1996a,b).
Recent studies suggested that IRBIT (inositol1,4,5-triphosphate [IP3] receptor-binding protein released with IP3) is an important regulator
of NBCe1-B in pancreas (Shirakabe et al. 2006).
K1 Channel

The negative membrane potential generated by
Kþ channels in the basolateral membrane of
epithelial cells provides the driving force for
Cl2 and bicarbonate to exit through the apical
membrane, which is a key step that precedes
fluid and electrolyte secretion in all secretory
epithelial cells. In general, secretory epithelial
cells express two important Kþ channels in
the basolateral membrane, a Ca2þ- and voltage-activated Kþ channel of a large conductance (Maruyama et al. 1983) and a time- and
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voltage-independent Kþ channel of intermediate conductance (Hayashi et al. 1996; Nehrke
et al. 2003). The molecular identity of the channels was subsequently determined as the MaxiK
channels encoded by KCNMA1 (Nehrke et al.
2003; Romanenko et al. 2006) and the IK1 channels encoded by KCNN4 (Begenisich et al. 2004;
Hayashi et al. 2004), respectively. In the pancreatic duct, MaxiK seems to be the major channel
maintaining a negative membrane potential
during stimulated bicarbonate secretion (Gray
et al. 1990). However, MaxiK channels do not
appear to contribute to resting membrane potential, possibly because they have a very low
open probability during the unstimulated state.
The IK1 channel is a potential basolateral Kþ
channel responsible for the resting Kþ permeability (Novak and Greger 1988).

www.perspectivesinmedicine.org

Na1/K1/2 Cl2 Cotransporter (NKCC) and
Cl2/HCO2
3 Exchanger (Anion Exchanger, AE)

Epithelial cells that secrete Cl2-rich fluids, such
as acinar cells in the exocrine pancreas and salivary glands, express the Naþ/Kþ/2 Cl2 cotransporter NKCC1 in the basolateral membrane. Owing to the electroneutrality of its
transport process, NKCC1 maintains intracellular Cl2 concentrations above the electrochemical equilibrium. This high intracellular
Cl2 concentration together with the negative
membrane potential generated by the basolateral Kþ channel provides the driving force for
fluid and electrolyte secretion to the luminal
space when the apical Cl2 channel is opened
by physiological stimuli. However, as we discuss
below, a high intracellular Cl2 concentration is
unfavorable to secrete a high concentration of
bicarbonate via CFTR or Cl2/HCO2
3 exchangers at the apical membrane. Therefore, basolateral NKCC is absent in epithelial cells that produce fluids containing an extremely high
concentration of bicarbonate, such as human
and guinea pig pancreatic duct cells.
The Cl2/HCO2
3 exchanger AE2 is found in
the basolateral membrane of almost all epithelial cells. AE2 is activated by alkaline pHi to
extrude excessive cytosolic bases (Olsnes et al.
1986). In physiological ion gradients, the baso-

lateral AE accumulates Cl2 inside the cells and
dissipates accumulated intracellular bicarbonate. Therefore, although basolateral AE2 is required for a housekeeping function of cells preventing overt intracellular alkalinization, its
activation would inhibit apical bicarbonate secretion in epithelial cells. In fact, mathematical
models suggest that inhibition of basolateral AE
activity is required for the high bicarbonate secretion in pancreatic duct cells (Sohma et al.
1996, 2000; Whitcomb and Ermentrout 2004).

Transporters in the Apical Membrane
Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR)

CFTR (ABCC7) belongs to the “C” branch of
the ATP-binding cassette (ABC) transporter
superfamily. Most ABC transporters function
as membrane pumps, which transport their
substrates against the electrochemical gradient
using energy generated from ATP hydrolysis
(Deeley et al. 2006). Unlike other ABC transporters, CFTR is an anion channel that permits
diffusion of substrate ion molecules down to the
preexisting electrochemical gradient. In expression cloning, CFTR functions as a cAMP-activated Cl2 channel that has a small conductance
(5 – 10 pS) and a linear current – voltage relationship (Tabcharani et al. 1991).
CFTR is expressed in the apical membrane
of secretory epithelial cells. CFTR Cl2 channels
have a limited permeability to bicarbonate in
typical physiologic conditions. At normal intracellular (.20 mM) and extracellular (.100 mM)
Cl2 concentrations, the PHCO3/PCl of CFTR is
0.2 – 0.5 (Poulsen et al. 1994; Linsdell et al. 1997;
Shcheynikov et al. 2004). Importantly, CFTR
bicarbonate permeability is dynamically regulated by intracellular Cl2 concentration-sensitive kinases (Park et al. 2010). Recently, two related kinase families—with-no-lysine (WNK)
kinases and sterile 20 (STE20)-like kinases—
have emerged as osmotic sensors that modulate
diverse ion transporters (Anselmo et al. 2006;
Richardson and Alessi 2008). In general, osmotic stress such as a decrease in the intracellular Cl2 concentration, [Cl2]i, activates WNK
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kinases, including WNK1, which subsequently
phosphorylate and activate downstream STE20like kinases, especially oxidative stress-responsive kinase 1 (OSR1) and STE20/SPS1-related
proline/alanine-rich kinase (SPAK) (Richardson and Alessi 2008). In pancreatic duct cells,
CFTR activation greatly reduces [Cl2]i, which
triggers the activation of WNK1-SPAK/OSR1
kinase cascade. Activation of the WNK1SPAK/OSR1 pathway results in a dramatic increase in CFTR bicarbonate permeability, making CFTR primarily a bicarbonate-selective
channel (Park et al. 2010). A bicarbonate channel forms an electrodiffusive bicarbonate efflux
pathway that is essential for the generation of
pancreatic juice containing bicarbonate at concentrations exceeding 140 mM.
In addition to Cl2 and bicarbonate channel
activity, CFTR has been suggested to be a central
regulator of fluid and electrolyte secretion
in many epithelia by regulating other membrane transporters (Lee et al. 2012). CFTR exists
in a macromolecular complex at the apical
membrane of secretory epithelia. The carboxyl
terminus of CFTR forms a PDZ ligand that
binds to PDZ domain-containing scaffolds
(Short et al. 1998; Wang et al. 1998). In addition,
CFTR interacts with SNARE proteins, AKAPs,
kinases, and phosphatases (Guggino 2004). In
these complexes, CFTR directly or indirectly
regulates the activity of several transporters.
Functional interactions with CFTR were reported for epithelial Naþ channels (ENaCs), outwardly rectifying Cl2 channels, Ca2þ-activated
Cl2 channels, ROMK2 and KvLQT1 Kþ channels, SLC26 transporters, NHE3, NBCn1-A
(NBC3), and aquaporins (AQPs) (Kunzelmann
2001; Lee and Muallem 2008).
Cl2/HCO2
3 Exchanger (Anion Exchanger, AE)

Many exocrine glands are composed of two
types of cells: the acinar cells initially secreting
Cl2-rich fluids, and the duct cells modifying the
ionic composition of the fluids. Pancreatic duct
cells absorb luminal Cl2 and secrete the bulk of
bicarbonate and fluids. Although the CFTR anion conductive pathway could directly produce
bicarbonate-containing fluids, thermodynam6

ically, an apical Cl2/HCO2
3 exchanger can
much more efficiently secrete bicarbonate into
the lumen when the luminal space contains Cl2.
In fact, it has been proposed that the Cl2/
HCO2
3 exchanger in the apical membrane mediates bicarbonate secretion in cooperation
with an apical Cl2 channel in pancreatic ducts
(Steward et al. 2005; Lee and Muallem 2008). In
this case, apical Cl2 channels facilitate bicarbonate secretion by recycling Cl2 to the lumen,
which maintains the luminal Cl2 concentration
for continuous apical Cl2/HCO2
3 exchange.
The first family of Cl2/HCO2
3 exchangers
to be considered is members of the solutelinked carrier 4 (SLC4) family (Lee et al. 2012).
The pancreatic duct cells express the SLC4 transporter AE2 (SLC4A2), but it is localized on the
basolateral membrane (Roussa et al. 1999,
2001). The second type of Cl2/HCO2
3 exchangers comprise transporters belonging to the
SLC26 transporter family, which consists of
10 members and transports diverse anions,
such as chloride, bicarbonate, oxalate, and sulfate (Ohana et al. 2009). Among the members,
SLC26A3, SLC26A4, and SLC26A6 function as
2
Cl2/HCO2
3 /I exchangers (Ko et al. 2002; Xie
et al. 2002). Slc26a6 appears to be the major
Cl2/HCO2
3 exchanger in the apical membrane
of rat pancreatic duct cells and has electrogenic 1
Cl2/2 HCO2
3 exchange activity (Wang et al.
2006; Shcheynikov et al. 2008; Stewart et al.
2009). As discussed below, this electrogenicity
of SLC26A6 further contributes to the outward
transport of bicarbonate at physiological negative membrane potential. An important feature
of the SLC26 transporters and CFTR is their
mutual regulation. Thus, the STAS domain of
SLC26 transporters interacts with the R domain
of CFTR. In addition, the two transporters are
connected by PDZ-based adaptors. These interactions are required for activation of both the
SLC26 transporters and CFTR (Ko et al. 2004).
Ca21-Activated Cl2 Channel (CaCC)

CaCC activity is present in the apical membrane
of almost all secretory epithelial cells (Gray et al.
1989, 1994; Zeng et al. 1997; Venglovecz et al.
2008). The biophysical property of the channel

Cite this article as Cold Spring Harb Perspect Med 2012;2:a009571

Downloaded from http://perspectivesinmedicine.cshlp.org/ at YONSEI MEDICAL LIB on March 29, 2017 - Published by Cold Spring
Harbor Laboratory Press

www.perspectivesinmedicine.org

Transepithelial Bicarbonate Secretion

has been characterized to be a voltage- and
Ca2þ-activated, time-dependent outwardly rectifying channel (Melvin et al. 2005; Kunzelmann et al. 2009). Recently, members of the
anoctamin (ANO; also known as TMEM16)
family, in particular ANO1/TMEM16A and
ANO2/TMEM16B, were shown to function as
CaCCs in several epithelial and neuronal tissues
(Caputo et al. 2008; Schroeder et al. 2008; Yang
et al. 2008; Stephan et al. 2009; Romanenko et al.
2010). ANO1 is expressed at high levels in the
apical membranes of salivary glands (Schroeder
et al. 2008; Yang et al. 2008) and pancreatic acinar cells (Huang et al. 2009). However, the molecular identity of CaCC in the pancreatic duct
cell is still unknown. The discovery of the ANO/
TMEM16 family as the CaCC in several epithelial cells suggests that the ductal CaCC is likely a
member of this family. Whether the other
ANO/TMEM16 isoforms mediate CaCC activity in pancreatic duct cells awaits further studies
(Lee et al. 2012). An interesting possibility is
that CaCCs may replace the anion channel function of CFTR in bicarbonate secretion (Zsembery et al. 2000). The PHCO3/PCl of heterologously expressed ANO1 is 0.1 – 0.5, indicating that
CaCC has a limited ability to produce bicarbonate secretion at typical physiological conditions.
However, the PHCO3/PCl of ANO1 seems to be
dynamically regulated by [Ca2þ]i (MG Lee, unpubl.), suggesting that CaCC may play a role in
epithelial bicarbonate secretion under certain
specific conditions.

atic secretion (Gray et al. 1990). However, the
physiological role of the apical Kþ channel in
pancreatic duct cells is not fully understood at
present, because unlike saliva, the major cation
in pancreatic juice is Naþ and pancreatic duct
cells do not secrete the bulk of Kþ.

K1 Channel

NHE and NBC
þ

Some secretory epithelial cells secrete K into
the lumen. For example, the salivary gland
duct cells absorb Naþ and secrete Kþ into salivary fluid. Deletion of Kcnma1, which encodes
MaxiK, impairs salivary Kþ secretion, suggesting MaxiK to be the channel responsible for Kþ
efflux in salivary glands (Nakamoto et al. 2008).
A recent study showed that MaxiK channels are
also expressed at the apical membrane of pancreatic duct cells in guinea pigs (Venglovecz
et al. 2011), which may contribute to the potentiation of secretin and CCK (or other Ca2þ agonists such as cholinergic) response in pancre-

Epithelial Na1 Channel (ENaC)

Some surface epithelial cells of respiratory and
digestive tracts and duct cells of salivary glands
express ENaC at the apical membrane, which
mediates electrogenic Naþ uptake in these cells
(Cook et al. 2002; Catalan et al. 2010). However, pancreatic duct cells do not express
ENaC, because they do not absorb Naþ. Simple
absorption of Naþ without secreting Kþ is unfavorable for bicarbonate and fluid secretion
because it will evoke a lumen-negative transepithelial potential and net fluid absorption. In
the lungs, CFTR is proposed to inhibit ENaC
channel function, and deletion of CFTR increases ENaC activity and fluid absorption, which
causes a contraction in airway surface fluids
(Berdievet al. 2009). However, in salivary glands,
deletion of CFTR inhibited Naþ absorption by
ENaC and greatly diminished the expression of
a-ENaC (Catalan et al. 2010). Similarly, ENaC
activity is markedly reduced in the sweat ducts of
CF patients (Reddy et al. 1999). It is not known
whether these tissue-specific regulations of
ENaC by CFTR affect transepithelial bicarbonate secretion in ENaC-expressing epithelial cells.

Many Naþ- and fluid-absorbing epithelial cells
express NHE in the apical membrane, which mediates electroneutral Naþ uptake (Cook et al.
2002; Catalan et al. 2010). NHE2 and NHE3
are the major NHE isotypes expressed in the apical membrane of epithelial cells. NHE activity in
the apical membrane will nullify bicarbonate secretion by donating protons to the lumen. Interestingly, NHEs are expressed in the apical membrane of cells in the distal parts of large-sized
salivary and pancreatic ducts, and they may reabsorb bicarbonate when bicarbonate secretion
is not needed in these cells (Marteau et al. 1995;
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Park et al. 1999; Lee et al. 2000; Luo et al. 2001;
Bobulescu et al. 2005). At resting state or low
flow rates, pancreatic juice is acidic and contains
a high amount of CO2, indicating an active Hþ
secretion by the apical transporters (Gerolami
et al. 1989; Marteau et al. 1993). This seems to be
mainly mediated by NHE3 in the large-sized
ducts (Ahn et al. 2001). The salivary and pancreatic ducts also express the electroneutral
NBCn1-A (NBC3) in the apical membrane
(Park et al. 2002), which absorbs Naþ and bicarbonate from luminal fluids. Similar to the case
of NHE3, NBCn1-A appears to have a bicarbonate-salvaging function in the resting state (Park
et al. 2002).
Other Factors

www.perspectivesinmedicine.org

Aquaporin (AQP)

Transcellular ion secretion results in osmotic
water flow. Although the membrane lipid bilayer and paracellular junctions are partially permeable to water, transepithelial water flow is
facilitated by the water channel AQP. The AQP
family consists of 13 members, all of which can
function as water channels, but some can transport additional molecules such as glycerol, urea,
ions, and CO2 (Verkman 2008). In epithelia, the
AQPs show highly restricted and cell-specific
expression patterns. For example, AQP1 is expressed in both the apical and basolateral domains (Burghardt et al. 2003), whereas AQP5 is
expressed in the apical membrane of salivary
gland and pancreatic duct cells (Delporte and
Steinfeld 2006).
Carbonic Anydrase (CA)

CAs comprise a class of proteins essential for all
bicarbonate-related transport functions. The
global CA inhibitor acetazolamide significantly
inhibits pancreatic fluid and bicarbonate secretion (Pak et al. 1966; Dyck et al. 1972). Further
studies revealed that CAs are present at the
bicarbonate transporting complex to facilitate
bicarbonate transport via membrane transporters, such as NBCs and SLC26 transporters
(McMurtrie et al. 2004).
8

PDZ-Based Adaptor

Transepithelial bicarbonate transport is achieved
by the cooperative operation of several membrane proteins in the basolateral and apical membranes. A mechanism that enhances
the efficiency of this close cooperation is protein complex formation by adaptor proteins
containing PDZ domains (Fig. 2). The PDZ
domain was identified as a conserved domain
in three proteins: PSD-95, Discs-large, and
ZO-1. The PDZ domain is a protein – protein
interaction module consisting of 80 –90 amino
acids that typically binds to target proteins
harboring specific carboxy-terminal sequences
called PDZ-binding motifs. Although they were
initially identified in neuronal tissues, subsequent studies revealed that PDZ-based adaptor
proteins are also expressed in diverse epithelia
and play critical roles in transepithelial fluid and
electrolyte transport (Gee et al. 2009).
The most well-known PDZ-based adaptors in epithelia are the Naþ/Hþ exchanger regulatory factor (NHERF) proteins. NHERF1
(EBP50), NHERF2 (E3KARP), and NHERF3
(CAP70, PDZK1) facilitate the PKA-dependent
phosphorylation and membrane trafficking of
CFTR and NHE3 in epithelial cells of respiratory and digestive systems, including pancreatic
duct cells. These adaptors assemble a large
protein complex in the apical membrane of
secretory epithelia, where CFTR functions as
a central regulator. For example, the mutual
regulation of CFTR and SLC26 transporters
is enhanced by protein – protein interactions
through PDZ-based scaffolds (Ko et al. 2002).
In addition, the apical NHE3 and NBCn1-A are
associated with CFTR via PDZ-based adaptors,
such as NHERF1 and NHERF2, and their
activity is regulated by CFTR in the protein
complex (Ahn et al. 2001; Park et al. 2002).
Assembling a large protein complex greatly
enhances signaling efficiency in confined regions of the apical membrane. Upon stimulation with cAMP, bicarbonate-secreting transporters, such as CFTR and apical Cl2/HCO2
3
exchangers, are activated, and at the same time,
bicarbonate-absorbing transporters, such as
NHE3 and NBCn1-A, are inhibited to efficiently
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Figure 2. PDZ-based protein – protein interaction in bicarbonate-transporting epithelia. Many membrane
receptors and transporters participating in the bicarbonate homeostasis in epithelial cells have a PDZ-binding
motif (-X-T/S-X-hydrophobic amino acid) on their carboxyl terminus. The carboxy-terminal sequences are
based on the human clones. Excluding purinergic receptors, most of the proteins are associated with cAMPdependent processes. AC, Adenylyl cyclase; AKAP, cAMP-dependent protein kinase-anchoring protein; P2,
purinergic receptor; RII, regulatory subunit of protein kinase A type II. (Other abbreviations are the same as
described in the text.)

mediate bicarbonate and fluid secretion (Lee
et al. 2012).
In addition to the NHERFs, several other
scaffolds with PDZ domains, such as Shank2,
S-SCAM, SAP97, and PSD-95, are expressed in
various epithelial cells and participate in the
regulation of transepithelial fluid and ion transport (Kim et al. 2004; Gee et al. 2009). For example, Shank2 is expressed at the apical region of
transporting epithelial cells and modulates the
activity of CFTR and NHE3 (Kim et al. 2004;
Han et al. 2006). In contrast with NHERF proteins that deliver cAMP/PKA signals, Shank2
mediates an inhibitory effect on the cAMP/
PKA pathway. Shank2 associates with phosphodiesterase 4D, which hydrolyzes cAMP, hence
lowering local cAMP concentrations in the apical microdomains (Lee et al. 2007). Therefore,
the activityof CFTR is dynamically regulated bya
competitive balance between CFTR-activating

(NHERFs) and CFTR-inactivating (Shank2)
PDZ-domain interactions (Lee et al. 2012).
Many G-protein-coupled receptors (GPCRs)
in epithelial cells also have PDZ ligands at their
carboxyl termini (Fig. 2). This recruits the
GPCRs to the transporting complex, resulting
in polarized GPCR expression and delivery of
the second messengers to the specific intracellular microdomains. A good example for such
an arrangement is the vasoactive intestinal polypeptide (VIP) receptor VPAC1, which binds to
the PDZ-based scaffold S-SCAM (Gee et al.
2009). S-SCAM associates with E-cadherin, a
key protein at the adherens junction, and recruits VPAC1 to the junctional area near the
apical pole. Confined localization of VPAC1 at
the junctional area generates a localized cAMP
signal close to the apical effectors such as CFTR.
This, in turn, enables efficient bicarbonate and
fluid secretion in epithelial cells in response to
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VIP with minimal effects on the cell interior
(Gee et al. 2009; Lee et al. 2012).
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MODEL FOR PANCREATIC BICARBONATE
SECRETION

Studies on the mechanism and regulation of
epithelial bicarbonate secretion have been
concentrated in the pancreatic ducts, because
the pancreatic duct epithelial cells secrete copious amounts of bicarbonate. Argent and Case
(1994) proposed the first model to explain pancreatic bicarbonate secretion. In this model, basolateral NHE1 in cooperation with cytosolic
CAs provides a bicarbonate entry mechanism.
Bicarbonate is then secreted by Cl2/HCO2
3 exchange at the apical membrane. During this
process, the apical Cl2/HCO2
3 exchange absorbs the Cl2, which is then recycled by exiting
through CFTR (Argent and Case 1994; Steward
et al. 2005). Subsequently, this model was revised
by several major findings. For example, the major basolateral bicarbonate influx mechanism
was identified as NBCe1-B, which functions
as a 1 Naþ/2 HCO2
3 cotransporter (Zhao et al.
1994; Ishiguro et al. 1996a; Abuladze et al. 1998).
In addition, studies in perfused guinea pig
pancreatic ducts and mathematical modeling
suggested that a bicarbonate channel activity is
required to set the final bicarbonate concentration in the pancreatic juice to 140 mM (Sohma
et al. 2000; Whitcomb and Ermentrout 2004).
The pancreatic duct absorbs Cl2 and secretes bicarbonate to generate pancreatic juice
containing 20 mM Cl2 and 140 mM HCO2
3 .
The loss of pancreatic bicarbonate secretion in
patients with CF (Johansen et al. 1968) indicates that CFTR plays a critical role in bicarbonate secretion. Interestingly, the activity of the
apical Cl2/HCO2
3 exchanger is dependent on
the expression of CFTR (Lee et al. 1999a,b).
These results strengthened the idea that Cl2/
HCO2
3 exchange mediates pancreatic bicarbonate secretion. However, a limitation of this model has been realized by many people that a classical 1:1 electroneutral Cl2/HCO2
3 exchanger is
able to secrete only a maximum of 80 mM
HCO2
3 when intracellular concentrations of
Cl2 and bicarbonate are estimated to be equal.
10

In comparison to these electroneutral transporters, electrogenic bicarbonate transporters
are capable of secreting higher concentrations
of bicarbonate when the electrorepulsive force
generated by the negative membrane potential
is coupled to the efflux of bicarbonate. Interestingly, recent studies have suggested that the apical Cl2/HCO2
3 exchangers may be electrogenic
with distinct Cl2:HCO2
3 stoichiometry (Ko
et al. 2004). In case of an electrogenic 1 Cl2/2
HCO2
3 , it can accumulate greater amounts of
bicarbonate in pancreatic juice compared with
an electroneutral exchanger (Steward et al.
2005). Nevertheless, this transporter cannot fully account for the bicarbonate-driven fluid secretion in pancreatic duct cells because a Cl2/
HCO2
3 exchanger with 1:2 stoichiometry is still
insufficient to attain 140 mM HCO2
3 in the lumen (Steward et al. 2005). More importantly,
the driving force for bicarbonate secretion by
the Cl2/HCO2
3 exchanger are greatly weakened
when the luminal Cl2 concentration decreases
in the subsequent step of pancreatic secretion,
because luminal Cl2 must be required for the
Cl2/HCO2
3 exchanger-mediated bicarbonate
secretion. However, it has been shown that a
significant fraction of pancreatic bicarbonate
secretion is retained even in the absence of luminal Cl2 (Ishiguro et al. 1998, 2009). This
implies that an unknown mechanism is likely
to be responsible for the ductal bicarbonate secretion, especially at the subsequent stage when
the bicarbonate concentration mediated by
Cl2/HCO2
3 exchange approaches equilibrium.
Bicarbonate channels are strong candidates
for the transporter responsible for high-concentration bicarbonate secretion (Steward et al.
2005; Lee and Muallem 2008). Having a bicarbonate-selective channel in the apical membrane of a duct cell makes it theoretically possible to secrete up to 200 mM HCO2
3 if cells
maintain a membrane potential of 260 mV. It
has been previously suggested that CFTR functions as a bicarbonate channel in pancreatic duct
cells under some specific conditions (O’Reilly
et al. 2000; Reddy and Quinton 2003; Shcheynikov et al. 2004; Whitcomb and Ermentrout
2004; Ishiguro et al. 2009). However, the PHCO3/
PCl of CFTR was reported to be 0.2–0.5
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(O’Reilly et al. 2000; Sohma et al. 2000). With
this permeability ratio, the CFTR anion channel
would secrete Cl2 much faster than it would
secrete bicarbonate. Thus, CFTR is unable
to secrete sufficient amounts of bicarbonate
when cells retain a significant intracellular concentration of Cl2. In one of the previous models, the basolateral membrane was set to be absolutely impermeable to Cl2 but allowed to
uptake bicarbonate continuously via basolateral
pNBC (Whitcomb and Ermentrout 2004). This
caused an extreme reduction in [Cl2]i close
to 0 mM by CFTR activation, which secretes
Cl2 to the lumen. Under these circumstances,
the CFTR anion channel secretes isotonic bicarbonate, because of the absence of Cl2 inside the
cells. As exemplified in this model, [Cl2]i is a
critical parameter that determines the anion
composition in fluids secreted by epithelial
cells, and a decrease in [Cl2]i can greatly increase bicarbonate secretion via apical anion
channels and transporters. In fact, experimental
data in guinea pig ducts and human pancreatic
duct cells revealed that [Cl2]i in duct cells is
20 mM at the resting state, and this level is
reduced when CFTR is stimulated with cAMP
(Ishiguro et al. 2002; Park et al. 2010). However,
the minimum [Cl2]i that can be induced by
a maximum cAMP stimulation is 5 mM in a
practical situation, perhaps because of a small
Cl2 leak via basolateral Cl2/HCO2
3 exchangers
or Cl2 channels. At this [Cl2]i, known anion
transporters in the apical membrane are still
unable to accumulate bicarbonate at concentrations exceeding 140 mM in pancreatic juice. At
2
20 mM [HCO2
3 ]i and 5 mM [Cl ]i, the maximum bicarbonate equilibrium concentration
in pancreatic juice that can be attained by the
1Cl2/2HCO2
3 exchanger is 128 mM (Steward
et al. 2005), and that attained by the CFTR anion channel with a PHCO3/PCl of 0.2 is 100 mM
(Whitcomb and Ermentrout 2004).
Recently, these limitations were complemented by a unique mode of CFTR regulation
whereby the PHCO3/PCl of CFTR is dynamically
modulated by the [Cl2]i-sensitive WNK1SPAK/OSR1 kinase pathway (Park et al. 2010).
In pancreatic duct cells, CFTR activation reduces [Cl2]i, which subsequently activates the

WNK1-SPAK/OSR1 kinase cascade. Activation
of the WNK1-SPAK/OSR1 pathway significantly increases the bicarbonate permeability
of CFTR, making CFTR into a bicarbonate-selective channel with a PHCO3/PCl of 1.5. This
CFTR-derived bicarbonate channel would form
an electrodiffusive bicarbonate efflux pathway,
which can effectively generate pancreatic juice
containing .140 mM bicarbonate. Interestingly, SPAK and OSR1 activation simultaneously
inhibits the CFTR-dependent Cl2/HCO2
3 exchange activity. It is conceivable that continuous activation of apical 1 Cl2/2 HCO2
3 exchange would actually absorb bicarbonate
from the lumen by its reversed activity when
the luminal bicarbonate concentration becomes
.128 mM. Therefore, inhibition of the apical
Cl2/HCO2
3 exchange is required to prevent
the reverse mode of Cl2/HCO2
3 exchange activity and ultimately achieve high-bicarbonatecontaining pancreatic juice. In fact, the requirement of inhibiting the apical Cl2/HCO2
3 exchange during stimulated secretion had been
previously assumed by the mathematical models
on high pancreatic bicarbonate secretion
(Sohma et al. 2000; Steward et al. 2005).
An integrated model for pancreatic bicarbonate secretion based on the aforementioned
findings is illustrated in Figure 3. In response to
a meal, secretin hormone and VIP released from
the vagal nerve endings stimulate pancreatic
duct cells and generate cAMP signals (Lee and
Muallem 2008). This initially activates bicarbonate secretion mediated by CFTR-dependent
Cl2/HCO2
3 exchange. The continuous increase
in luminal bicarbonate and consequent reduction in luminal Cl2 causes a decrease in [Cl2]i
to close to an electrical equilibrium (10-fold
lower than luminal [Cl2] at a membrane potential of 260 mV) via apical CFTR Cl2 channel activity. The low [Cl2]i, in turn, activates
WNK1 and the downstream STE20-like kinases,
such as SPAK and OSR1. Activation of WNK1SPAK/OSR1 exerts two critical effects on the
apical ion-transporting proteins. First, activation of WNK1-SPAK/OSR1 generates an electrogenic pathway for bicarbonate secretion by
increasing the bicarbonate permeability of
CFTR, which is essential for the secretion of
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Figure 3. A model of pancreatic fluid and bicarbonate

secretion. In the proximal pancreatic duct, cAMP signals activate the CFTR-dependent Cl2/HCO2
3 exchange at the apical membrane, which enables the
duct to absorb part of the Cl2 and secrete as much
as 80 –100 mM HCO2
3 along with a large volume of
fluid into the pancreatic juice. As the fluid arrives at
the more distal portions of the duct, the reduced luminal Cl2 and activated CFTR lower the intracellular
Cl2 concentration [Cl2]i to ,10 mM. The low [Cl-]i
activates WNK1, which phosphorylates SPAK/OSR1,
which, in turn, acts on CFTR by converting it into
a bicarbonate-selective channel. In contrast, the
WNK1-SPAK/OSR1 pathway concurrently inhibits
the function of apical Cl2/HCO2
3 exchange to prevent bicarbonate reabsorption.

pancreatic juice containing bicarbonate at a concentration exceeding 140 mM. Second, WNK1SPAK/OSR1 activation inhibits apical Cl2/
HCO2
3 exchange activity that may reabsorb bicarbonate from the high-bicarbonate-containing pancreatic juice.

basolateral bicarbonate uptake are now relatively well established. The Hþ extrusion mechanisms including NHE1 expressed in the basolateral membrane of almost all epithelial cells
contribute to the cellular accumulation of bicarbonate. In some cells specialized for bicarbonate secretion, such as pancreatic duct cells, NBC
mediates the bulk of basolateral bicarbonate uptake. In contrast, the bicarbonate exit pathways
in the apical membrane are diverse and depend
on the specific condition of each type of epithelia. In epithelial cells that secrete a low concentration of bicarbonate-containing fluids (up to
80 mM), either Cl2/HCO2
3 exchange or CFTR
anion channel with low bicarbonate permeability is sufficient to perform this task. Expression
patterns of ion transporters at the apical membrane and the presence of Cl2 in the lumen will
determine the route of apical bicarbonate exit.
In cells that secrete high-bicarbonate-containing fluids, a CFTR bicarbonate channel activity
that is activated by low [Cl2]i and WNK1SPAK/OSR1 kinases is required. It is important
to mention that many pathological conditions
in the respiratory tract and intestinal lumen can
induce hypo- or hyperosmotic stress, which
also activates the WNK1-SPAK/OSR1 kinases.
Therefore, CFTR bicarbonate channel activity
may play a role in epithelial defense against various noxious stimuli in these organs. For example, bicarbonate is an important ingredient to
maintain appropriate viscosity and proper function of mucin molecules, which play a critical
role in mucosal immunity and the epithelial defense system (Lee and Muallem 2008; Quinton
2008). The fact that CFTR functions not only as
a Cl2 channel but also a bicarbonate channel
will greatly influence the arena of CFTR research
and drug development toward CF patients. In
addition, models of epithelial bicarbonate secretion will continue to progress as our knowledge
on established pathways expands and novel
mechanisms are further elucidated.

CONCLUSION

The model in Figure 3 describes the mechanisms underlying fluid and bicarbonate secretion in the pancreatic duct, which may also apply to other exocrine epithelia. Mechanisms of
12
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